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Abstract: The laser powder bed fusion (L-PBF) process for manufacturing copper typically exhibits poor strength-ductility
coordination; the addition of enhancers is usually an effective way to improve it. However, there is relatively limited research on
Cu composites. To explore the impact of enhancements on Cu, we used a Cu-CNTs mixed powder as the base and applied the
L-PBF technology to produce a Cu-CNTs composite. We studied its forming performance, microstructure, and mechanical
properties, as well as its conductive and thermal properties. The resulting composite has a high relative density of consolidated
Cu-CNTs material. The addition of CNTs results in non-uniform microstructure with equiaxed grains at the edges of the melt pool
and columnar grains at the center. Compared to pure copper, the overall mechanical properties of the composite are improved
(tensile strength increased by 52.8%, elongation increased by 115.9%), and the electrical and thermal properties are also enhanced
(thermal conductivity increased by 10.8%, electrical conductivity increased by 12.7%). The results indicate that the addition of
CNTs can increase the tensile strength and elongation, as well as the electrical and thermal properties of copper. Therefore, this
material provides an efficient pathway for designing more efficient heat sink structures.
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Pure copper is an important material with high electrical
conductivity (International Annealed copper Standard [IACS]
102%) and 400 W/(m*K) thermal conductivity, widely used in
heat transfer and electromagnetic fields. However, current tra-
ditional manufacturing techniques are unable to produce fine
parts with complex geometric structures. As a result, metal
additive manufacturing processes, especially L-PBF, have at-
tracted attention due to their ability to manufacture geometri-
cally complex parts from powder materials™. Combined with
the ability to manufacture geometrically complex parts using
L-PBF and the high thermal conductivity of pure copper, parts
with higher heat transfer efficiency can be manufactured.

Received date:

However, due to the high laser reflectivity of copper to infra-
red radiation (especially at 1060-1080 nm, which corresponds
to the near-infrared radiation of the most commonly used la-
sers in L-PBF) and very high thermal conductivity (the small
heat absorbed by the instantaneous dissipation)E®!, the strength
and density of the prepared samples generally cannot meet the
requirements of use.

Currently, an effective method is to add other strengthening
elements to the copper matrix material to enhance the matrix's
strength. Using this approach, many researchers prefer
pre-alloyed copper powder, which has slightly lower optical
reflectivity than pure copper. This enables the production of
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dense parts from alloys such as Cu-Cr*l, Cu-Cr-Zrl®, Cu-Snl¢l,
and Cu-zn!" alloys. However, compared to pure copper parts
in the built state, these materials' samples exhibit significantly
improved density and much higher tensile strength. However,
the addition of other metal elements with lower thermal con-
ductivity in the samples seriously hinders the transmission of
phonons and electrons, resulting in much lower thermal and
electrical conductivity compared to pure copper samples(®.
Currently, nano-particle-reinforced metal matrix composites
have proven to be one of the promising materials to address
this need®. Adding nanomaterials with higher laser absorption
and electrical conductivity to copper powder particles and us-
ing L-PBF technology to prepare composites with high
strength, high thermal conductivity, and electrical conductivity
has become a new trend. Therefore, this study utilizes na-
noscale carbon nanotubes wrapped on the surface of pure
copper powder to prepare samples with enhanced laser ab-
sorption, strength, and electrical and thermal conductivity.
Although the idea of coating copper powder with carbon
nanotubes was previously proposed!®, the L-PBF behavior
and resulting mechanical and thermal conductivity have not
been reported.

Consequently, this study proposes an alternative method
involving mixing carbon nanotubes with copper powder parti-
cles to enhance the powder's light absorption and L-PBF be-
havior. Subsequently, the effects of carbon nanotubes on the
formability, microstructure, mechanical properties, electrical
conductivity, and thermal conductivity of the composites were
evaluated.

1 Experiment

The gas atomized copper powder (99.96% purity,
D50:37.87um, Asia New Materials Co., LTD., China) and
multi-walled carbon nanotubes (diameter 4-6nm, Jiangsu
Xianfeng Nanomaterials Technology Co., LTD., China) were
used as the initial materials. 0.3wt%CNTs were dispersed in
anhydrous ethanol. The beaker containing the solution was
placed in a water bath, along with the probe of an ultrasonic
homogenizer. The solution was uniformly shaken by the ul-
trasonic homogenizer until the CNTs were evenly dispersed.
Pure copper powder was added to the solution, and the mixed
solution was evenly mixed in a vacuum homogenizer. The
equipment used was the ZYMC-200V vacuum homogenizer.
Powder mixing was carried out in three variable speed rotation
modes: 1500 rpm for 20s, 2500rpm for 30s, 1000rpm for 15s.
The particle size distribution of the Cu-0.3wt%CNTs mixed
powder was measured by an LS-909 laser diffraction particle
size analyzer (Omec, China) in wet mode. Before the L-PBF
process, the powder was dried in a vacuum drying oven for 10
hours at 120°C. Vacuum drying can remove water from the
powder, enhance its fluidity, and effectively prevent the oxida-
tion of the Cu-0.3wt%CNTs mixed powder during the L-PBF
process.

The optical reflectance of the powder was measured at
room temperature using a UV-visible near-infrared spectro-
photometer ( model numbers: Shimadzu UV3600, Agilent
CARY 300, and PE lambda 750S) . Measurements were made
in total reflection mode, using a spectrum of 100% reflectance
as the reference material. Using the formula "Light absorption
(%) = 100 - light reflection (%)", the light absorption was
calculated from the reflectance measurement results.

Selective laser melting (L-PBF) was performed on a ma-
chine developed by the Department of Mechanical Engineer-
ing of Xi'an Jiaotong University. Throughout the construction
process, oxygen levels were maintained below 100ppm by
filling the build chamber with protective argon. The fiber laser
wavelength of the device is in the range of 1060 to 1080 nm.
First, an STL file for a cube part with dimensions of (8 <8 x8)
mm3was created using Magics software from Materialise,
Belgium. All cube parts were fabricated on a stainless steel
substrate using various L-PBF process parameters. Using the
Archimedes method to measure the density of these parts and
calculate the relative density with 8.87 g/cm3&as the theoretical
(true) density, The " theoretical (true) density of the
Cu-0.3wt%CNTs composite powder was determined using a
Multipycnometer™(Quantachrome Instruments). In addition,
all L-PBF experiments were conducted without preheating the
build plate.

The printing employs a segmented scanning strategy, with
each layer being 6mm in length, and the laser beam being ro-
tated 67 per layer during scanning. Using the Archimedes
method to measure the density of these parts and calculate the
r The theoretical (true) density of the Cu-0.3wt%CNTs com-
posite powder was determined using a Multipycnome-
ter™(Quantachrome Instruments).elative density.

Select an optimized L-PBF setting that produces the highest
part density (laser power 380W, scanning speed 230mm/s,
scanning spacing 0.1mm), and the print parameters for both
pure Cu material samples and Cu-CNTs composite samples
are consistent. This parameter is used to make dog-bone sam-
ples for testing mechanical properties.

JEM-IT500 tungsten filament scanning electron microscope
(SEM) from Japan Electronics was used to observe the mi-
croscopic morphology of the sample in greater detail. The
X-ray diffractometer Bruker D8 ADVANCE made in Germa-
ny was used to detect the phase of the sample, and the scan-
ning angle was 10°to 90<

MDI JADEG6.0 software was used to process and analyze
the test data. The grain orientation and texture of the sample
were analyzed by electron backscatter diffraction scanning
(EBSD) using a JSM-7900F field emission scanning electron
microscope from Nippon Electronics, and then the data were
processed using Channel 5 software. In order to test its
me-chanical properties, dog-bone tensile specimens of
10502mm were printed according to GB/T 228.1-2010 stand-
ard, as shown in Fig.1a, and tensile tests were carried out at a
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rate of Imm/min on Instron M4206. Thermal conductivity is

meas-ured using a thermal conductivity meter (Hot
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Fig.1 a tensile part sample and b thermal conductivity test sample
2 Results and Discussion

H=2mm

2.1 Formability

The particle size, microscopic morphology, laser absorptivity,
and Raman spectrum results of the Cu-CNTs mixed powder are
shown in Fig.2. As can be seen from the data in Fig.2a, the me-
dian particle size D50 of the mixed powder is 38.83um, which
fully - satisfies the requirement for powder nparticle size
(13-53um) for laser powder bed fusion technology. As can be
seen from Fig.2b, the sphericity of the Cu powder is well main-
tained during the preparation of the mixed powder and is not
compromised during the preparation process. The basic struc-
ture of CNTs dispersed by ultrasonic waves was not seriously
damaged. As can be seen from Fig.2c, the light absorption rate
of the Cu-CNTs mixed powder was 48.7% and that of pure Cu
powder was 23.4% in the wavelength range of 1060-1080nm,
and the light absorption rate of the Cu-CNTs mixed powder was
108.1% higher than that of pure Cu powder. It was found that
the addition of CNTs significantly enhanced the light absorption
rate of copper powder. This is attributed to the high optical ab-
sorption of carbon to inf

v

a e ' g

—=— distribution density
—=— cumulative distribution & 5
2 Y e
2 10 / 8 3
o '\. s
g 8 ‘) 60 2
2 6 | 2
g} =1
g ¢ Iy 1°%
5 /] E
° 2 P \ 20 3
o P— -
= 0
1 10 100

particle diameter in um

b

Disk2500s), and- the size of the printed
10*10*2mm, as shown in Fig.1b.

samples is

10mm
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Fig.2d that the Raman spectral characteristics of the mixed
powder were not significantly altered compared to those of the
original CNTs. The ID0/IGO ratio of the original CNTs was
1.171, while the ID1/IG1 ratio of the water-bath ultrasonically
homogenized carbon nanotubes was 1.208. The integrity of the
water-bath ultrasonically homogenized CNTs was well main-
tained, being comparable to that of the original CNTs. The in-
tegrity of the water-bath ultrasonically homogenized CNTs de-
creased by 3.1% compared to the original CNTs, indicating that
water-bath ultrasonic homogenization could better preserve the
structural integrity of CNTs. The 1G0/12DO0 ratio of the original
CNTs was 2.581, and the 1G1/12D1 ratio of the ultrasonically
homogeneous CNTs in water bath was 2.431. It was found that
ultrasonic homogenization in water bath led to a reduction in the
number of CNT layers, due to the forces exerted on CNTs dur-
ing the homogenization process causing the separation of the
layers. Compared to the original CNTs, the number of layers in
the water-bath ultrasonically homogeneous CNTs increased by
6.2%, indicating that ultrasonically homogeneous CNTs could
better maintain the integrity of CNTs.
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Fig.2 a shows the microscopic morphology of the initial CU powder, and b shows the microscopic
morphology of the initial CNTs, ¢ show the particle size of the CU-CNTs mixed powder; d
shows the microscopic morphology of the CU-CNTs mixed powder; e shows the light (laser)
absorption of the two powders (pure Cu and Cu + 0.3%wtCNTs) at different wavelengths from
400 nm to 1400 nm; f Shows Raman spectra of conventional CNTs and aquatic ultrasonic ho-

mogeneous CNTs

Cu-CNTs composites were successfully fabricated under the
specified process parameters. The combination of process pa-
rameters. included laser power of 380W, scanning speed of
230mm/s, scanning spacing of 0.1mm, and powder layer thick-
ness of 0.03mm. The density of the Cu-CNTs composites was
96.6%. The density of the prepared Cu composites was 92.3%.
The corresponding optical images are shown in Fig.3c and 3d.
There are noticeable pores and a negligible amount of un melted
powder in the pure Cu sample, as indicated by the black arrows.
The presence of unmelted powder stems from the low laser ab-
sorption rate of pure Cu powder, leading to a significant amount

of energy being reflected and only a small portion being utilized
for sample construction. Consequently, the powder between the
two melt pools is less likely to melt, leading to an increase in
defects. However, due to the incorporation of CNTs with a
higher laser absorption rate, more energy was employed in con-
structing Cu-CNTs composite samples. This resulted in a sig-
nificant reduction in surface defects and virtually no un melted
powder. Consequently, with the inclusion of CNTs, the
non-melting phenomenon of the powder vanished, and the
number of pores was also reduced.

Fig. 3 a shows the macro morphology of the prepared pure copper sample, b shows the macro mor-
phology of the prepared Cu-CNTs composite sample, ¢ shows the defect diagram of the pre-
pared pure copper sample, and d shows the defect diagram of the prepared Cu-CNTs compo-
site sample
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2.2 Microstructure

As observed in the XRD pattern in Fig.4 a, CNTs added to
the pure copper material did not result in the formation of impu-
rity phases with Cu during the manufacturing process. Mean-
while, a Raman spectrometer was used to test the prepared
sample, and the spectrum is shown in Fig.5e. There is no char-
acteristic peak of CNTs in the Raman spectrum of Cu samples,
while there is an obvious G-band in Cu-CNTs composite sam-

ple. During LPBF, CNTs are surrounded by molten metal and
covered by a solidified metal matrix, which may affect Raman
scattering results. Therefore, the samples of Cu-CNTs compo-
sites showed a pronounced G-band peak. The G-band corre-
sponds to the vibration of carbon-carbon bonds within CNTSs,
which confirms that carbon nanotubes are still present in the
prepared composite samples.

G band
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Fig.4 a shows the relative XRD intensity of Cu and Cu-CNTs composites, b shows the Raman spec-

trum detection of internal CNTs by Cu and Cu-CNTs composites

The grain morphology and size were analyzed through
large-area EBSD analysis with a step size of 0.9 um, and the
grain boundary angular orientation is depicted in Fig.5. In the
IPF map depicted in Fig.5a-b, the regions of EG (equiaxed grain)
and CG (columnar grain) are distinguishable. CG, or columnar
grain, refers to the columnar grain region, whereas EG, or
equiaxed grain, indicates the equiaxed grain region. According
to the IPF map, the grain of the prepared sample exhibits no ob-
vious preferred orientation. The CNTs content significantly in-
fluences the grain morphology of Cu material samples.

As illustrated in Fig.5a, columnar grains predominantly grow
along the heat flow's negative direction (from the molten pool

boundary to the molten pool center), while equiaxed grains are
W / I &\ L

randomly distributed along the molten pool boundary and with-
in. However, upon adding CNTs to the Cu material, the grains
started to differentiate into two categories in terms of shape and
size: equiaxed grains (EG) at the edge of the molten pool and
columnar coarse grains at the center of the molten pool, as indi-
cated by the black arrow in Fig.5b.

As depicted in Fig.5a, equiaxed grains were initially ran-
domly distributed within the Cu material sample. After incor-
porating CNTs into the Cu material sample, equiaxed grains
started to accumulate near the molten pool's edge, leading to the
formation of a greater number of larger columnar grains with
similar orientations, which ultimately coalesced into larger co-
lumnar grains.

uonoalip Buiping

Fig.5 The IPF map obtained from EBSD with a step size of 0.9um is shown in a, the Cu material sample is shown in b, the orange area in c is

the test surface

The influence of CNTs on grain morphology might stem
from their high thermal conductivity, which alters heat transfer
dynamics within the molten pool. The impact of CNTs on the
sample's microstructure is illustrated in Fig.6. The overall mi-
crostructure of the sample fabricated using LPBF is comparable
to that of the pure Cu material sample, as depicted in Fig.6a.
Owing to the well-oriented thermal gradient, which facilitates

epitaxial growth characteristic of LPBF, the grains within the
molten pool are predominantly columnar, with a few equiaxed
grains distributed relatively uniformly. However, for the com-
posites, the EG at the boundary of the molten pool interfaces
with the solidification zone, where heat dissipation is most rapid,
leading to swift quenching; consequently, the grains typically
manifest in the form of equiaxed equiaxed grains at the bound-
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ary of the molten pool.
Drawing upon the nucleation sites supplied by CNTs, the el-
evated cooling rate of composites enhances the number of nu-

cleation occurrences and the rate of heterogeneous nucleation™,

A higher cooling rate results in a more rapid solidification rate,
thereby constraining grain growth. The assimilation of laser en-
ergy, coupled with the swift solidification of the heterogeneous
nucleation location, contributes to the development of equiaxed
grains with a random orientation at the periphery of the molten
pool?,

However, the grain size in the composite is observed to in-
crease with the introduction of carbon nanotubes. This can be
attributed to the fact that temperatures in the center of the mol-
ten pool exceed those at the edges, leading to overheating of the
molten metal and the melting of some initial nucleation sites,
thereby restricting nucleation rates and providing extended time
for grain growth. This elucidates the disparity in grain mor-
phologies observed between the center and the periphery of the
molten-pool.

Moreover, CNTs exert an influence on the alteration of heat
transfer dynamics within composites. Typically, the heat flow
direction in LPBF progresses from the center of the molten pool

towards the boundary, as succinctly indicated by a red arrow in
Fig.6a. Incorporating CNTs can enhance heat transfer rates and
temperature gradients, thereby facilitating the development and
growth of columnar grains. Consequently, columnar grains
sharing similar orientation amalgamate into larger, coarser co-
lumnar grains, as depicted in Fig.6b.

Regarding the Cu material sample, columnar grains develop
in a direction opposite to that of the heat flow. Upon the addi-
tion of CNTs to the material, the thermal conductivity and cool-
ing rate of the composite both escalated, rendering it easier for
the edge of the molten pool to form equiaxed grains, whereas
the center of the molten pool inclined towards the formation of
columnar grains due to the well-aligned temperature gradient.
Heat transfer is facilitated in proximity to the highly
heat-conducting CNTs. Within the composite samples, carbon
nanotubes constituted a larger portion of the heat transfer path-
way in the molten pool, thereby promoting the formation of a
greater number of longer, similarly oriented columnar grains.
These grains amalgamate to form larger grains. Hence, incor-
porating CNTs led to the heterogeneous microstructure of the
Cu-CNTs composites.

Figure 6: a schematic illustration depicting the impact of CNTs on the microstructure of specimens

CNTs also exerted a significant influence on the recrystalliza-
tion structure distribution within the composites. As illustrated
in fig.7 a and b, the deformed microstructure of Cu-CNTs mate-
rial samples was notably more pronounced compared to that of
pure Cu material samples. This is attributed to the fact that
CNTs are nanoscale fibers. During the formation process, grains
at the melt pool boundary interface with the solidification re-
gion, where heat dissipation is expedited and rapid quenching
ensues, leading to equiaxed grain increase and the amplification
of dislocation density among equiaxed grains, Consequently,

rendering recrystallization a challenging process. In'summary,
the enhancement of the deformed microstructure optimizes the
material's mechanical properties, rendering it more capable of
withstanding high loads and pressures. Moreover, the substruc-
ture generated within the grain will become more intricate, con-
tributing to the enhancement of the material's overall properties.
The augmented content of deformed tissue will elevate the dis-
location density, accelerating the material's recovery rate in
subsequent heat treatment processes to some extent, and aiding
in the reduction of material processing time.
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Fig.7 is the recrystallization diagram. a is the sample of Cu material, b is the sample of Cu-CNTs
composite material, and c is the distribution of recrystallization and deformation

2.3 Mechanical property

It can be seen from the tensile data in Fig.8 that the tensile
strength of the Cu material sample is 145.7 MPa and the elon-
gation is 11.2%, while the tensile strength of the Cu-CNTs
composite material sample is 222.6 MPa and the elongation is
27.6%. In contrast, the addition of CNTs increased the tensile
strength of the composite by52.8% and the elongation by
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Fig.8 presents the comparison of the tensile
properties between the Cu sample and the
Cu-CNTs composite sample at room
temperature

Table 1 Tensile engineering stress-Strain curves

Stress (MPa) Strain (%)
Cu 1457 11.2
Cu/CNTs 2226 27.6

The improvement of tensile properties of composites may be
due to the following strengthening methods. Orowan strength-

115.9%.

In-the tensile curve shown in Figure 8, under the
condition of minimal strain, the stress declines. This is
because the two samples prepared are not fully dense, and
there are micro-cracks, micro-holes and other defects in the
samples, and local deformation occurs at the initial stage of
loading, resulting in a slight decrease in stress.

ening and load transfer strengthening are strongly dependent on
the volume fraction of CNTs. The main strengthening mecha-
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nism of composites with a high carbon nanotube aspect ratio is
load transfer®4. CNTs are present in composites, suggesting
that Orowan strengthening may have a significant strengthening
effect on Cu-CNTs composites.

Grain boundary strengthening is closely related to the aver-
age grain size, also known as Hall-Petch strengthening. Howev-
er, according to the EBSD grain information in Fig.5, the aver-

age grain size of the Cu-CNTs material sample was relatively
larger. Therefore, grain boundary strengthening may not be one
of the main strengthening mechanisms. In addition, the addition
of CNTs and the heterogeneous structure induced by CNTs
formed a mechanism of back stress strengthening during the
deformation of Cu-CNTs composites, which improved the
strength and plasticity of the materialst*>*71,

Dimples

Fig.9 a show the fracture morphology of the tensile portion of the Cu sample, b shows the fracture
morphology of the tensile portion of the Cu-CNTs composite sample

The fracture morphology of CNTs/Cu composites prepared
by the L-PBF method is shown in Fig.9 b, and CNTs have a
significant influence on the fracture morphology of samples. It
can be seen from Fig.9 a that the fracture morphology of the
tensile part of the Cu material sample shows a large number of
cleavage planes and only a small number of dimples. The low
elongation of the sample is attributed to quasi-cleavage fracture
and the presence of large defects. It can be seen from Fig.9 b
that the fracture morphology of the tensile parts of Cu-CNTs
composites after tensile fracture is characterized by a large
number of dimples, with the dimples appearing as small dim-
ples within the large dimples. It can be demonstrated that the
tensile properties and elongation of Cu-CNTs composites are
significantly improved compared with Cu materials. This is be-
cause the addition of CNTs increases the material's energy ab-
sorption rate, with more energy utilized to melt the metal pow-
der, resulting in a reduction in the number of defects and pores
within the material. Therefore, during the stretching process,
dislocations accumulate at the grain boundaries, leading to
stress concentration that causes the interface to debond and
form a tiny cavity. The material between the cavities is stretched,
resembling a jut. The cavities connect to form dimples, which
makes the composite material less prone to breaking. However,
the defects in Cu material samples are relatively larger. When

stress concentration occurs due to the accumulation of disloca-
tions at the grain boundaries during the stretching process, mi-
cro-cracks tend to form at these defects, and the cracks propa-
gate rapidly and directly, making it easier for the material to
fracture.
2.4 Thermal conductivity

The table 2 summarizes the thermal conductivity of the fin-
ished L-PBF parts processed by carbon nanotubes mixed with
copper powder, and compares it with the performance of the Cu
material sample. In comparison, the thermal conductivity of the
Cu-CNTs composite sample is higher. Compared with the Cu
material sample, the thermal conductivity of the Cu-CNTs
composite sample increased from 405.54 W/(m*K) to 449.34
W/(m*K), an increase of 10.8%. Thermal diffusion increased
from 120.96 mm?/s to 134.97 mm?s, an increase of 11.6%. The
specific heat capacity decreased from 0.41 J/g/K to 0:39 J/g/K, a
reduction of 4.8%. Using Wiedemann-Franz's law, the electrical
conductivity of parts can be calculated theoretically. Consider-
ing the Lorentz constant (L) = 2.44 <108 WQ/K? 8 and tem-
perature T = 300 K, the calculated conductivity is 617.76 x<10°
S/m. Compared with the composite material, the electrical con-
ductivity of pure copper sample is increased from 5.5%<10’S/m
to 6.2x107S/m, and the electrical conductivity is increased by
12.7%.

Table 2 shows the heat transfer rate, thermal conductivity, specific heat capacity, and electrical conductivity of the sample Cu material

and the sample Cu-CNTs composite material

Thermal diffusivity

thermal conductiv-

specific heat electric conductiv-

(mm?/s) ity (W/(m*K)) (J/g/K) ity (S/m)
Cu 120.9640.06 405.5440.20 0.414.01 5.5X107
Cu/CNTs 134.9740.89 449.3442.97 0.3910.01 6.2X107

CNTs, due to their nanostructure and high aspect ratio, pro-
vide highly efficient paths for the transport of phonons and
electrons. Their carbon-carbon bonding endows the material

with excellent thermal and electrochemical stability, resulting in
extremely high thermal and electrical conductivity™®. When
CNTs are added to copper matrix materials, they maintain high
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thermal and electrical conductivity. Dispersed CNTs partially
replaced the copper thermal conductivity network in the copper
matrix, constructing a new network with enhanced thermal
conductivity. Compared to the thermal conductivity of the cop-
per matrix material, the new thermal conductivity network ex-
hibits superior phonon and electron transport capacity. The ad-
dition of CNTSs significantly enhanced the thermal conductivity
of the Cu material.

3. Conclusions

In this study, CNTs-Cu composites were prepared by the
LPBF method. The formability, microstructure, mechanical
properties, and electrical and thermal conductivity of
CNTs-Cu composites were studied. The main conclusions are
as follows:

1) Ultrasonic homogenization in water minimized structural
loss of CNTs, and CNTs improved the laser absorption rate of
composites. Under the optimal parameter combination,
CNTs-Cu composites were successfully prepared by the LPBF
method, and the sample density of the prepared materials
reached 96.6%.

2) CNTs, due to their high thermal conductivity, can alter
the heat transfer behavior and cooling rate of the composite
material. CNTs also modify the local temperature gradient,
resulting in the presence of equiaxial EG at the edge of the
molten pool and CG heterogeneous structures in the center of
the molten pool.

3) The tensile strength of the prepared CNTs-Cu sample
reached 222.6 MPa at room temperature, and the elongation
reached 25.95%.

4) The thermal conductivity of the prepared CNTs-Cu
composite reached 449.34 W/(m*K), and the electrical con-
ductivity reached 99.66% IACS.
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#oxxx M WMAEEBMBES IEXAEHESE: (BRASEMB S LRE) 51F K HRM
i <412 -

B E: BOUHARKRGS (L-PBF) L ZHIEil s RIUHBZR R -TBIER &, AN SRAH & w2 s XA & B RO07 5. -1,
Xt Cu EAFEHITT FUAXT A IR o T HRICIEBRANS Cu BFE, FATLL Cu-CNTs B A A NEAA, RHAI L-PBF HoR#14% Cu-CNTs &
ek BP0 T R RTEPERE . O it rERE . SHEREAIAVERE . TR E A ELR A BRI . CNTs IS BUT it
LA RO ERR BRI A AR AU, B AR AT AR B (DLRRE R & 52.8%, MHKFES
115.9%), HMEREAMHIERE R R (SRALULS 10.8%, W IFRE 2.5%). 4iREY]), CNTs HFIIA AT LU m i )i o A i
K3, DR A a gt DI, XA REOA BT E s oS 2 IR TR Mag .

XEIA: BOLKM ARG Cu-CNTSEAMEL J12EMtaE, MG%
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